Habitat loss and fragmentation are key processes causing biodiversity loss in humanmodified landscapes. Knowledge of these processes has largely been derived from measuring biodiversity at the scale of 'within-habitat' fragments with the surrounding landscape considered as matrix. Yet, the loss of variation in species assemblages 'among' habitat fragments (landscape-scale) may be as important a driver of biodiversity loss as the loss of diversity 'within' habitat fragments (local-scale). We tested the hypothesis that heterogeneity in vegetation cover is important for maintaining alpha and beta diversity in human-modified landscapes. We surveyed bird assemblages in eighty 300-m-long transects nested within twenty 1-km 2 vegetation 'mosaics', with mosaics assigned to four categories defined by the cover extent and configuration of native eucalypt forest and exotic pine plantation. We examined bird assemblages at two spatial scales: 1) within and among transects, and 2) within and among mosaics. Alpha diversity was the mean species diversity within-transects or within-mosaics and beta diversity quantified the effective number of compositionally distinct transects or mosaics. We found that within-transect alpha diversity was highest in vegetation mosaics defined by continuous eucalypt forest, lowest in mosaics of continuous pine plantation, and at intermediate levels in mosaics containing eucalypt patches in a pine matrix. We found that eucalypt mosaics had lower beta diversity than other mosaic types when ignoring relative abundances, but had similar or higher beta diversity when weighting with species abundances. Mosaics containing both pine and eucalypt forest differed in their bird compositional variation among transects, despite sharing a similar suite of species. This configuration effect at the mosaic scale reflected differences in vegetation composition among transects. Maintaining heterogeneity in vegetation cover could help to maintain variation among bird assemblages across landscapes, thus partially offsetting local-scale diversity losses due to fragmentation. Critical to this is the retention of remnant native vegetation.
Introduction
Major drivers of changes to biodiversity patterns worldwide are the removal and fragmentation of habitat Fischer 2006, Haddad et al. 2015) . The modification of landscapes removes and alters existing habitat and introduces new Contrasting effects of mosaic structure on alpha and beta diversity of bird assemblages in a human-modified landscape vegetation types, habitats, and species, resulting in landscapes with changed vegetation composition and configuration. The altered composition and structure of landscapes, such as the homogenisation of land cover, is increasingly occurring in agricultural landscapes and has important consequences for maintaining biodiversity (Karp et al. 2012 , Jeliazkov et al. 2016 ). Yet our understanding of how these processes affect biotic communities over multiple spatial scales is limited (Tscharntke et al. 2012 , McGill et al. 2015 , Solar et al. 2015 , Titeux et al. 2016 .
At the core of understanding how landscape-scale biodiversity patterns are affected by landscape change is the concept of beta diversity, broadly defined by Whittaker (1960) as the degree of community differentiation among sites. Plurality in Whittaker's (1960 Whittaker's ( , 1972 initial definition and measure of beta diversity led to a proliferation of terminology and measures under the umbrella term of 'beta diversity' (reviewed by Tuomisto 2010b,c) . This has led to debate about how to measure and define beta diversity (Koleff et al. 2003 , Jost 2007 , Jurasinski et al. 2009 , Baselga 2010 , Moreno and Rodríguez 2010 , Tuomisto 2010a -c, 2011 , Jurasinski and Koch 2011 , Chao et al. 2012 ) and the appropriate analyses to address relevant ecological questions (Anderson et al. 2006 , Tuomisto and Ruokolainen 2006 , Barton et al. 2013 . In our study, we define beta diversity as the ratio between gamma diversity and alpha diversity (Jost 2006 , Tuomisto 2010a . Here gamma diversity refers to the total species diversity at the regional or landscape scale and alpha diversity is the mean species diversity measured at the local scale of within-habitats or within-sites (Tuomisto 2010a) . Beta diversity quantifies the effective number of compositionally distinct sites (or habitats), and therefore provides a measure of site diversity (Tuomisto 2010a) .
There is growing recognition of the importance of understanding the drivers of compositional heterogeneity to conserving biota across multiple spatial scales (Barton et al. 2013 , Gossner et al. 2013 , Socolar et al. 2016 . The maintenance of compositional heterogeneity and landscape-scale diversity requires the preservation of spatial patterning of speciesenvironment relationships as well as minimising processes that cause the loss of alpha diversity (Legendre et al. 2005) . Tscharntke et al. (2012) hypothesised that beta diversity has an underestimated role in determining landscape-wide biodiversity patterns and that the loss of alpha diversity due to local-scale effects of fragmentation 'per se' (Fahrig 2003) may be overestimated in its contribution to overall biodiversity loss in modified landscapes. Recent empirical studies on the effects of land-use intensification (Karp et al. 2012) and biotic homogenisation across multiple scales (Solar et al. 2015 , Gossner et al. 2016 , van der Plas et al. 2016 ) has lent some support to this hypothesis, but there is still much to understand about the impacts of landscape modification on compositional heterogeneity (Socolar et al. 2016 ). According to Jurasinski and Koch (2011) , variation in species composition within a landscape can be quantified using two main approaches: via 'differentiation' among sampling units, and 'beta relation', which includes beta diversity, to examine proportional relationships between alpha and gamma diversity. Our study provides a novel contribution to the field by presenting an empirical case study that demonstrates the value of using both differentiation (as compositional variation) and beta diversity to quantify the impacts of landscape change on bird species diversity across spatial scales.
The past focus of studies on the effects of habitat loss and fragmentation at within-patch scales has limited our ability to infer landscape-scale consequences of vegetation modification for biodiversity (Haila 2002 , McGarigal and Cushman 2002 , Fahrig 2003 , Thornton et al. 2011 ). To better understand the effects of habitat loss and fragmentation on species diversity within modified landscapes, biotic responses need to be examined at a commensurate scale (Fahrig et al. 2011 , Cunningham et al. 2014 . One approach has been to recognise that species perceive landscapes as mosaics of differing vegetation types or habitat quality (Bennett et al. 2006 , Fischer and Lindenmayer 2007 , Rös et al. 2012 . A 'whole of mosaic' approach (sensu Bennett et al. 2006) , attempts to capture the range of habitats perceived by species within a landscape, and introduces a distinct unit of investigation in landscape ecology. Further, a mosaic is able to capture the variation in species responses among a range of habitats at the community level, and might therefore provide greater insight into the loss of heterogeneity in biotic communities at different scales.
In this study, we examined bird assemblages in vegetation mosaics defined by two components of heterogeneity in vegetation cover: 1) compositional heterogeneity as measured by the variety, types and proportion of vegetation cover, and 2) configurational heterogeneity as a measure of the spatial patterning of vegetation within the mosaic (Fahrig et al. 2011) . Although birds are relatively vagile organisms, assemblage distributions may be influenced by variation in both vegetation composition and structure (Mac Nally 1990). For example, dense understorey vegetation cover can soften the matrix as a dispersal barrier to some ground-dwelling forest species (Tomasevic and Estades 2008) . Birds also are characterised by a relatively high diversity (Jetz et al. 2012) , are surveyed using well-understood protocols (Bibby et al. 2000) , and vary widely in their habitat preferences and dispersal abilities. These factors make birds an ideal taxonomic group to study the effects of landscape change on variation in assemblage composition across spatial scales. To conduct our study, we employed a hierarchical design with transects nested within mosaics, grouped into mosaic types. We quantified the diversity in bird communities at two spatial scales of analysis: 1) within and among transects within mosaics, and 2) within and among mosaics within four mosaic types. The vegetation mosaic types were defined by a) continuous eucalypt forest, b) continuous mature stands of Pinus radiata, c) aggregated eucalypt patches within a pine matrix, and, d) dispersed eucalypt patches within a pine matrix (see Table 1 ). We used the hierarchical design to address questions relevant to each scale, as well as the broader aim of identifying how differences in the composition and configuration of vegetation mosaics contribute to total bird species diversity within a modified landscape. Our questions were:
1. How does mosaic type affect alpha diversity of bird assemblages (i.e. bird diversity within transects)? Heterogeneous habitats can promote species coexistence by increasing structural complexity, resource diversity and niche availability (Rosenzweig 1995 , Stein et al. 2014 . We expected bird alpha diversity to reflect patterns of complexity in vegetation structure at the local-scale of the transect, with eucalypt forest having the most complex vegetation structure, pine forest having the least, and transects in aggregated and dispersed mosaics being intermediate in structural complexity. Therefore, we predicted α eucalypt > (α aggregated = α dispersed ) > α pine .
2. How does mosaic type affect the composition and variation of bird assemblages among transects? We addressed this question by measuring the compositional dissimilarity of bird assemblages among transect pairs within mosaic types. Mosaics which are more heterogeneous in composition and configuration of vegetation cover may support a higher diversity of bird species (Fahrig et al. 2011) . We therefore predicted that the compositional variation among bird assemblages would be greater in mosaics with dispersed eucalypt vegetation than mosaics with aggregated eucalypt vegetation , and that both these mosaic types would have higher variation in bird assemblage composition than mosaics with either continuous eucalypt or pine forest.
3. Does the effect of mosaic type on beta diversity vary with spatial scale? We answered this question by examining beta diversity at two spatial scales: i.e. among transects within mosaics (beta 1 ), and among mosaics within each mosaic type (beta 2 ). Two hypothesised drivers of beta diversity in landscapes are that variation in community composition is random but fluctuates in a spatially autocorrelated way, or that species distributions are controlled by environmental conditions (Morante-Filho et al. 2016) . We interpret our results in light of these hypotheses.
Material and methods

Study area and design
Our study was conducted in a 100 000 ha landscape, near the township of Tumut in south-eastern Australia (Fig. 1) . The study area is dominated by a timber forestry plantation characterised by many remnant patches of native eucalypt forest imbedded within a matrix of clearcut and planted exotic Radiata pine Pinus radiata. The remnant eucalypt patches within the pine plantations are representative of the original eucalypt forests that border the north, east and south of the plantation (dominated by varying combinations of narrowleaved peppermint Eucalyptus radiata, mountain swamp gum E. camphora, red stringybark E. macrorhynca, apple box E. bridgesdiana, ribbon gum E. viminalis, mountain gum E. dalrympleana, snow gum E. pauciflora, and broad-leaved peppermint E. dives (Lindenmayer 2009) (Rempel et al. 2012) .
Within the study landscape, we defined 20 'mosaics' each 1 km 2 in area, classified into four types (Fig. 1a) . The 1 km 2 size of the mosaics was chosen to best represent the trade-off between sampling efficacy and aspects of bird spatial ecology. That is, an area that could cover multiple patches of vegetation, could be surveyed by one observer in a reasonable time frame, could be fitted into the larger landscape with sufficient replication, and would provide the highest likelihood of sampling resident birds given our understanding of the average movements of the species known to occur in the study area (Lindenmayer et al. 2002, Australian Bird and Bat Banding Scheme 2013) . Similar spatial scales of sampling have been employed by other researchers to study birds in landscapes with multiple types of vegetation cover (Haslem and Bennett 2008 , Burgess and Maron 2015 , Carrara et al. 2015 , Katayama et al. 2015 . The four mosaic types ('eucalypt', 'pine', 'aggregated' eucalypt forest cover, 'dispersed' eucalypt forest cover) were defined by the composition and configuration of their vegetation (Table 1) . Eucalypt mosaics and pine mosaics shared the same configuration (i.e. continuous vegetation type) but differed in vegetation composition. Aggregated and dispersed mosaics shared the same composition (approximately 25% eucalypt and 75 % pine vegetation), but differed in their configuration of remnant eucalypt patches in the pine plantation matrix (Fig. 1b, Table 1 ). On average, the native vegetation in dispersed mosaics was divided among a greater number of small patches spread throughout the mosaic, whereas aggregated mosaics had fewer but larger patches. Metrics quantifying mosaic composition and configuration were calculated for each replicate of the aggregated (n = 5) and dispersed (n = 5) mosaic categories using Patch Analyst extension for ArcMap (Rempel et al. 2012) (Table 1) . To validate the design replication, these metrics were then analysed using Wilcoxon rank sum tests for differences between mosaic types. The location of mosaic replicates for each mosaic type was partially dictated by the existing spatial patterning of vegetation cover within the study area. The average distance among mosaic replicates within each mosaic type was not significantly different among the four types (ANOVA F 3, 36 = 1.848, p = 0.156, Table 1 ). See Supplementary material Appendix 1 Table A1 for mean structural differences between aggregated and dispersed mosaics, and Supplementary material Appendix 1 Fig. A1 for images of eucalypt and pine mosaics. ANOVA and Wilcoxon rank sum tests were conducted in the R 'stats' package (R Core Team).
We established four 300-m-long transects in each 1 km 2 mosaic, resulting in a hierarchical design of transects (n = 80) nested within mosaics (n = 20), and mosaics grouped into four mosaic types (Fig. 1) . Each mosaic was divided into four quadrants, and a transect was located in each using a compass bearing of northeast, southeast, southwest or northwest, and starting 100 m from the mosaic centre (Fig. 1c) . Transect bearings were modified in some cases so as to ensure the area of eucalypt and pine vegetation sampled was equivalent for the aggregated and dispersed mosaics. The end of each transect was at least 50 m from the edge of any adjacent vegetation type.
Bird surveys
We surveyed birds in each transect using two methods: 1) a 5-min, 50 m radius, point interval counts at the 0 m and 300 m mark of each transect, and 2) a 10-min timed walk between the 50 m -250 m marks of each transect (Fig. 1c ). Birds were surveyed over two repeat visits during the breeding season from Sept to Dec 2014. This resulted in a total of 320 point counts and 160 transect walks. For each survey, we recorded species identities, number of individuals, and habitat use of all birds seen or heard within 50 m from the observer. Bird taxonomy followed Christidis and Boles (2008) . Birds observed only in flight above the canopy were not counted. Surveys were conducted by the same observer (primary author) between sunrise and 11 a.m. in favourable conditions (i.e. avoiding hot, windy or rainy weather). Data were summed from the two point counts, transect walk, and two repeat visits to give one 'sample' for each of the 80 transects.
Data analysis
How does mosaic type affect species richness, evenness and species diversity of bird assemblages?
We used generalized linear mixed effects models (GLMM) (Bolker et al. 2009 ) to examine the effect of mosaic type on 1) within-transect species richness, the number of species recorded per transect, 2) within-transect evenness, calculated as exponential of Shannon entropy/species richness (Jost 2010 ) and 3) within-transect species diversity ( 1 D, the true diversity of order 1), calculated as the exponential of Shannon entropy (Jost 2010) . Species richness was modelled using a Poisson error distribution and logarithmic link. Evenness and species diversity were modelled using a Gaussian distribution and identity. For all models, mosaic type was fitted as a fixed effect and mosaic as a random effect. The Poisson model of species richness was checked for overdispersion. Shannon entropy was calculated using the function 'diversity' in the vegan package (Oksanen et al. 2015) and GLMM analyses were conducted using the 'lme4' package (Bates et al. 2015) and 'multcomp' package (Hothorn et al. 2008) in R ver. 3.3.0 (R Core Team) .
Spatial autocorrelation may have been introduced into our data by our nested design of transects within mosaics, such that transects close together were more likely to share similar diversity values (Rhodes et al. 2009 ). To account for this possibility we included 'mosaic' as a random effect in our mixed effects modelling of the three response variables of species richness, evenness and species diversity. We then tested for spatial autocorrelation in 1) the raw data prior to modelling, and 2) the residuals of the mixed effect models, to see if the random effects accounted for the spatially nested design. To do this, we constructed spline correlograms produced using the 'ncf ' package (Bjornstad 2016) in R ver. 3.3.0 (R Core Team), and fitted 1) raw data and 2) model residuals, against the XY coordinates of each transect. Importantly, we found that all three response variables showed significant spatial autocorrelation in the raw data before fitting the models, but that this was removed after accounting for the spatially nested design and was not present in model residuals (Supplementary material Appendix 2 Fig. A2 ).
How does mosaic type affect the composition and variation of bird assemblages?
We tested for differences in bird assemblage composition and variation among mosaic types using three complementary multivariate analyses. All analyses were based on a matrix of pairwise transect dissimilarities calculated using the modified Gower 10 (MG) coefficient applied to log 10 (x) +1 transformed raw count data. The MG dissimilarity measure effectively weights an order-of-magnitude change in abundance the same as a complete change in species composition (Anderson et al. 2006) . Using this dissimilarity matrix, we first performed a non-metric multidimensional scaling (nMDS) ordination of the MG coefficients to visually examine differences in assemblage composition among the 80 transects (McCune and Grace 2002 ). Second, we tested for differences in bird community composition between mosaic types using permutational multivariate analysis of variance (PERMANOVA) with mosaic as a strata variable (Anderson 2001) . Third, we used a permutation test of multivariate dispersion (PERMDISP) to identify whether among-transect variability in bird assemblage composition differed among mosaic types. We calculated significance based on 999 permutations of the data in Primer V7 (Clarke and Gorley 2015) . Results are based on analysis of abundance data for 57 species recorded over 80 transects. Five species detected only once were removed from the data prior to analysis.
Variation in species composition may be affected by spatial processes in the landscape such that assemblages close together are more similar than assemblages farther apart. We used Mantel correlograms in the ecodist package (Goslee and Urban 2007) in R (R Core Team) to test for correlations between geographic distance and bird assemblage dissimilarity among all transects and among transects within each mosaic type. To do this we first constructed five separate distance matrices of Modified Gower 10 dissimilarity coefficients for bird assemblages, among, 1) all transects regardless of mosaic type (n = 80), and among transects within, 2) eucalypt; 3) aggregated; 4) dispersed; and 5) pine mosaic types (n = 20). Five corresponding geographic distance matrices were calculated from the Euclidean distances between XY coordinates of transects within each dataset (Goslee and Urban 2007) . We then used Mantel tests to identify any significant correlations between geographic distance and bird assemblage dissimilarity among all transects and among transects within each mosaic type. We created Mantel correlograms using the results of each of these five analyses. The grain size for these analyses was an individual transect (n = 80, for correlations among all transects, and n = 20 for correlations among transects within the same mosaic type) and extent was the entire study area. The same lag distances were used in all analyses.
We also tested for spatial autocorrelation in bird assemblages among mosaics (as opposed to amongtransects in the previous tests). To do this, we first summed bird abundances across the four transects in each mosaic to create a mosaic by species matrix. Therefore, the grain size for these analyses was an individual mosaic (n = 20) and extent was the entire study area. We calculated three separate distance matrices: 1) Modified Gower 10 dissimilarity coefficients for bird assemblages amongst all mosaic pairs, 2) dissimilarity among mosaics based on mosaic type, and 3) geographic distance calculated by the Euclidean distances using the XY coordinates of the centres of the 20 mosaics (Goslee and Urban 2007) . The distance matrix for mosaic type was constructed by coding eucalypt mosaics as 1; aggregated mosaics as 2; dispersed mosaics as 3 and pine mosaics as 4 and then calculating the Euclidean distance among mosaic pairs. We then used the three distance matrices in a series of partial Mantel tests (Smouse et al. 1986 ) to identify any correlations between bird assemblages and mosaic type, while controlling for geographic distance among samples.
Does the effect of mosaic type on beta diversity vary with spatial scale?
The differentiation approach described above examined the effect of mosaic type on compositional variation, with sample grain corresponding to individual transects (i.e. n = 80). To assess whether the effect of mosaic type on beta diversity varied with spatial scale, we multiplicatively partitioned the total (gamma) diversity of each mosaic type into their alpha and beta diversity components at the within/among transect and within/among mosaic scales. In each case, the spatial grain and extent of samples scaled up in a way analogous to the 'sliding window' concept described by Barton et al. (2013) . That is, transects were analysed within their respective mosaic (alpha1, beta1), or mosaics analysed within their mosaic type (alpha2, beta2). At the transect scale, α 1(within transect) was the average bird diversity per transect and β 1(among transects) was the effective number of compositionally distinct transects within each mosaic averaged across the five replicate mosaics within the mosaic type. At the mosaic scale, α 2(within mosaic) was the average diversity of birds per mosaic and β 2(among mosaic) was the effective number of compositionally distinct mosaics within each mosaic type. We calculated and partitioned species richness (q = 0), the exponential of Shannon's entropy (q = 1), and inverse Simpson concentration (q = 2) (Jost 2007) .
The 'order' of true diversity (q) determines the influence of the relative abundance of species in the calculation of true diversity measures (Tuomisto 2010b) . For example, when q = 0, all species contribute equally to diversity regardless of their relative abundance, whereas when q > 1, abundant species are given more weight (Tuomisto 2013) . Multiplicative partitioning was conducted using the 'multipart' function in the vegan package in R ver. 3.3.0 (R Core Team).
Results
We recorded 62 bird species across the 20 mosaics. Of these, 51 species were recorded in eucalypt mosaics, 48 species in aggregated mosaics, 46 species in dispersed mosaics and 34 species in pine mosaics. Eleven species were unique to a particular mosaic type, twenty-six species occurred in all four mosaic types (Fig. 2) , but only seven species occurred in all 20 mosaics.
How does mosaic type affect alpha diversity of bird assemblages?
The GLMM analyses showed significant effects of mosaic type on mean species richness per transect (χ (Fig. 3) . Eucalypt mosaics supported the highest species richness and alpha diversity and pine mosaics supported the lowest species richness and alpha diversity of all the mosaic types (Fig. 3a, c) . Aggregated and dispersed Degree of shading reflects the relative proportion of overall species represented e.g. the darkest shading where 4 mosaic types overlap is due to 41.6% of total species being common to all mosaic types.
mosaics were intermediate between eucalypt and pine mosaic types (p < 0.01), but did not differ significantly from each other in species richness (p = 0.998) and alpha diversity (p = 0.782) (Fig. 3a, c) . Eucalypt mosaics had significantly higher evenness than dispersed (p = 0.014) or pine mosaic types (p = 0.003) but not aggregated mosaics (p = 0.53). However, evenness did not vary significantly between aggregated, dispersed and pine mosaic types (p > 0.05) (Fig. 3b) .
How does mosaic type affect the composition and variation of bird assemblages?
We found a significant difference in the composition of bird assemblages between some mosaic types (pseudo-F 3, 76 = 6.4497, p = 0.001). PERMANOVA revealed that bird assemblages in both eucalypt and pine mosaics were distinctly different from each other and the other two mosaic types (p = 0.001), whereas assemblages in aggregated and dispersed mosaics did not differ from each other (p = 0.445).
(see Supplementary material Appendix 2 Table A3 for  PERMANOVA table and Table A4 for pairwise comparisons among mosaic types). Our nMDS ordination (Fig. 4a ) reflects this finding and showed this was due to the higher occurrence of species such as flame robin Petroica phoenicea and Australian raven Corvus coronoides in pine mosaics and other species such as red wattlebird Anthochaera carunculata and olive-backed oriole Oriolus sagittatus occurring more frequently in continuous eucalypt mosaics. PERMDISP showed that variability in assemblages was greater in aggregated mosaics than eucalypt (p = 0.009) or dispersed mosaics (p = 0.005), but not pine mosaics (p = 0.149) (Fig. 4b) . The Mantel correlogram analyses revealed a significant spatial autocorrelation among bird assemblages from transects in continuous eucalypt and pine mosaics up to a distance of one km (beta 1 scale, among transects within a mosaic) (eucalypt r = 0.757, pine r = 0.677, both p = 0.0002) (Supplementary material Appendix 2 Table A7 , Fig. A3 ). There also was significant autocorrelation among bird assemblages on transects within continuous eucalypt mosaics that were between 15 and 20 km apart (r = 0.446, p = 0.0054), but negative autocorrelation at distances greater than 30 km in the landscape (r = -0.999, p = 0.0001). Autocorrelation among bird assemblages from transects in dispersed mosaics was significant at distances of 10 to 15 km (r = 0.535, p = 0.0311) and 15-20 km (r = -0.357, p = 0.0011). There was no significant spatial autocorrelation among bird assemblages from transects in aggregated mosaics. At the mosaic scale (grain = mosaic, extent = study area) we found significant negative autocorrelation among bird assemblages from 13 pairs of mosaics that were an average of 26 km apart (r = -0.166, p = 0.031) (Supplementary material Appendix 2 Fig. A4 , Table A8 ). We also found the effect of mosaic type on dissimilarity of bird assemblages did not change when the effect of geographic distance among mosaics was taken into account. (Supplementary material Appendix 2 Fig. A5-6 , Table A9-10).
Does the effect of mosaic type on beta diversity vary with spatial scale?
Our multiplicative partitioning analyses found that the relative contributions of beta 1 and beta 2 to total (gamma) diversity differed for each mosaic type. The mosaics containing pine forest (i.e. aggregated, dispersed and continuous pine mosaics) had higher beta diversity (when q = 0) than eucalypt mosaics at both the beta 1 and beta 2 scales (Table 2, Fig. 5 ). Notable was the role of species relative abundances in changing the contribution of beta diversity to total diversity. At the transect scale, when q > 0, aggregated mosaics had higher beta 1 diversity (i.e. more compositionally distinct transects) than dispersed mosaics, which in turn was greater than beta 1 in pine mosaics (Fig. 5a ). At the mosaic scale, when q = 0, beta 2 (i.e. among mosaics within mosaic type) diversity in eucalypt mosaics contributed the least to total diversity compared with beta 2 diversity in all other mosaic types. However, when relative abundances were considered (q > 0), beta 2 diversity among continuous eucalypt mosaics was as high or higher than other mosaic types (Fig. 5b) .
Discussion
We used a 'whole of mosaic' approach (sensu Bennett et al. 2006) , to quantify the effects of vegetation heterogeneity on bird diversity at multiple spatial scales in a modified production landscape. We found that vegetation composition affected alpha and beta diversity and compositional dissimilarity of bird assemblages at both spatial scales we examined in our study area. In contrast, we found that differences in configuration of vegetation in the mosaics in our study did not affect alpha diversity of bird assemblages at either scales of analysis but did affect compositional dissimilarity among transects. Similarly, in a study of the relative importance of landscape composition and configuration on bat assemblages in a modified rainforest landscape in Mexico, Arroyo-Rodríguez et al. (2016) found forest cover was the main predictor of bat assemblage diversity, fragmentation had a weaker but positive effect, and edge density had negative effects on species diversity. Tscharntke et al. (2012) hypothesised that the loss of compositional heterogeneity might be an underestimated driver of landscape-scale diversity patterns in modified landscapes, and that this may be of greater importance than loss of diversity at local-scales due to fragmentation effects. Motivated by this hypothesis, we tested whether heterogeneous vegetation cover, represented by our aggregated and dispersed mosaics, supported higher levels of beta diversity and compositional dissimilarity among bird assemblages. We found that transect-level alpha diversity in mosaics with pine vegetation was lower than that of mosaics with continuous eucalypt, but that variation in assemblage composition and transect-level beta diversity was as high, or higher, in the heterogeneous mosaics than either continuous eucalypt or pine mosaic types. This finding demonstrates that compositional and configurational heterogeneity at the mosaic scale contributes to total diversity by facilitating higher levels of compositional variation among assemblages in the production areas of the landscape. If we had measured alpha diversity alone, we may have concluded, as in many other studies of habitat fragmentation (Fahrig 2003) , that composition was the main determinant of diversity, i.e. the presence of either eucalypt or pine vegetation types was the key driver of bird diversity, and configurational effects were negligible. Instead, when we examined beta diversity and compositional dissimilarity, our results indicated that vegetation configuration was an important contributor to bird community diversity. However, we found differences in the relative importance of beta diversity among the mosaic types, and that this was dependent on the spatial scale of analysis and the relative influence of species abundances. 
Mosaic composition is more important than configuration to local-scale diversity of bird assemblages
We found that mosaic composition, defined by the cover of native eucalypt forest and plantation pine, affected bird diversity at both the transect and the mosaic scales. As predicted, mosaics of continuous eucalypt forest supported the highest alpha and gamma richness of bird assemblages with twice as many species on average (alpha), and 1.5 times the total number of species (gamma), than pine mosaics. Eucalypt forests typically have a diverse flora in the ground, midstorey and canopy layers of the forest, which provide foraging, roosting and breeding substrates for birds (Keast 1990) . A greater diversity and density of resources would equate to more potential habitat per unit area and more niches to be occupied by more individuals and/or species, including habitat specialists (MacArthur and MacArthur 1961 , MacArthur 1964 , Recher 1969 , Julliard et al. 2006 ). In addition, eucalypt mosaics were outside areas subject to active harvesting in the plantation, and therefore were subject to the least amount of anthropogenic disturbance of the mosaic types. Lower levels of perturbations may have favoured greater stability in bird populations over time and therefore higher diversity in resident species (Fischer and Lindenmayer 2007 ). In contrast, pine mosaics supported the least diverse bird assemblage overall and, although most species that occurred in pine mosaics also occurred in eucalypt mosaics, these mosaic types supported distinctly different assemblages due to differences in relative abundances and occurrences of species. The mosaics with continuous pine plantations are exotic monocultures and represented the most modified and structurally homogenous mosaic type in the study. The lower diversity of birds in pine mosaics compared to continuous eucalypt forests likely reflects the absence or lower diversity of foraging and nesting substrates , as well as greater levels of disturbance from ongoing plantation management activities (Braun et al. 2017 ).
As we predicted at the outset of this investigation, the mosaic types with aggregated or dispersed eucalypt patches supported intermediate levels of bird diversity (alpha and gamma), lower than that of continuous eucalypt but higher than that of pine mosaics. Bird assemblages in these eucalypt/ pine mosaics represent a combination of species that are specialised and restricted to eucalypt remnants, or have moved into the pine to exploit the novel habitat type, or are generalists able to use both vegetation types for their habitat requirements. Previous work in the study area has suggested that bird responses fit a continuum of landscape states rather than a binary habitat/non-habitat paradigm (Lindenmayer et al. 2003) . For example, a quarter of bird species from our study area are considered 'generalists' occurring in both eucalypt forests and pine plantation. However, a third of species were 'sensitive' to the pine plantations and occurred mostly in eucalypt forests (Lindenmayer et al. 2003) . These specieslevel responses explain local difference in species richness, but they also contribute to variation among assemblages across vegetation types, and to beta diversity.
Mosaic configuration and composition affects variation in assemblage composition
We found that variation in assemblage composition among transects was as high, or higher, in the heterogeneous aggregated or dispersed vegetation mosaics than in the continuous eucalypt or pine mosaics. Fahrig et al. (2011) suggested that greater configurational heterogeneity of vegetation cover types would increase biodiversity in production landscapes by increasing landscape complementation. Our findings support this hypothesis by showing that bird assemblages Table 2 . The total bird diversity (gamma) of the four mosaic types multiplicatively partitioned into alpha 1 and beta 1 diversities within and among transects within mosaics (n = 20) and beta 2 diversity among mosaics (n = 5). Alpha 2 diversity, the average bird diversity within mosaics (n = 5), is approximately equivalent to alpha 1 × beta 1. Orders of true diversity q = 0, 1, and 2 represent the numbers equivalents of species richness; exponential of Shannon's entropy; and Simpson's concentration, respectively. were more variable among mixed-vegetation mosaics. Interestingly, we also found that bird assemblages from aggregated mosaics (which had lower configurational heterogeneity) were more variable than bird assemblages from dispersed mosaics. Despite these two mosaic types supporting similar assemblages, the spatial distribution of assemblages among the transects appeared to generate differences between mosaic types. The effect of mosaic configuration on beta diversity was likely driven by variation in vegetation composition among transects within mosaics. In aggregated mosaics, where eucalypt patches were clustered together, our survey transects traversed either eucalypt or pine. In contrast, in dispersed mosaics where eucalypt patches were more widely distributed, our survey transects traversed both eucalypt and pine vegetation. There was a greater difference in vegetation composition among transects in aggregated mosaics than among transects within dispersed mosaics. Given that bird assemblages differed between the pine and eucalypt mosaics, it might be expected that these assemblage differences would also be reflected at finer spatial scales, such as when there is a difference in the cover of pine and eucalypt vegetation types along a transect. Barbaro et al. (2007) argued that configurational heterogeneity of vegetation at the 'mesoscale' (e.g. 0.16 km 2 in their study) was a surrogate for the occurrence of particular habitats in mosaic landscapes. Another study of birds in agricultural forest mosaics in Finland concluded that, at the 0.25 km 2 scale, bird abundance depended more on the distribution of key habitats rather than landscape heterogeneity (Heikkinen et al. 2004) . Similarly, we suggest the structuring of bird communities within our 1 km 2 mosaics can be explained by the distribution of preferred habitats such as the clumping of eucalypt patches at this scale.
Our study was designed to explicitly account for the effects of vegetation type and cover on bird compositional variation through categorisation of mosaic types. However, our study design is such that we could not compare the relative or simultaneous effects of both geographic distance and environmental drivers of bird assemblage variation beyond that associated with our contrasting mosaic types. To do this, standardised differences among mosaics and equal spatial distribution of replicate mosaics across the broader landscape would be required, but would be incredibly difficult in realworld landscapes. Addressing this challenge in future studies of community variation therefore requires careful planning and potential compromises in other aspects of study parameters, such as replication, choice of treatments, landscape size, and size or number of mosaics.
Nevertheless, we found some evidence of spatial autocorrelation in the variation of community composition among transects within mosaic types. Some of this is likely a reflection of the intrinsic spatial structuring in the geographic distribution of transects due to our hierarchical study design (i.e. four transects in each mosaic replicate, and therefore 30 pairs of transects were within 1 km of each other in each mosaic type). Theory suggests that the closer two sites are to each other the stronger the homogenizing effect of dispersal between them (Tuomisto and Ruokolainen 2006) . We found significant positive autocorrelation in compositional variation among closely-located transects within eucalypt and pine mosaics but not in aggregated and dispersed mosaics. This may be due to the uniform vegetation composition Figure 5 . The relative contributions of a) beta diversity among transects within mosaics (beta 1 ) and b) beta diversity among mosaics within mosaic type (beta 2 ) to total diversity within the four mosaic types (eucalypt (closed circles, solid line); aggregated (diamonds, dashed grey line); dispersed (squares, dotted lines) pine (triangles, dashed lines)). In calculations of beta 1 , the sample grain was a transect and the extent was a mosaic. In calculating beta 2 , the sample grain was a mosaic and the extent was mosaic type within the study area. Beta diversity values were derived from the multiplicative partitioning of true diversities of orders q = 0, 1, and 2, which represent the numbers equivalents of species richness; exponential of Shannon's entropy; and Simpson's concentration, respectively.
of transects in the former two mosaic types and the ability of birds to move freely among transects, resulting in similar assemblages among transects within mosaics. However, this pattern was not evident in the aggregated and dispersed mosaic types. Different vegetation types characterising transects within mosaics would influence the compositional variation in bird assemblages among transects by supporting different suites of species and by being a potential barrier to movement among transects for some species (e.g. species sensitive to landscape alteration (Lindenmayer et al. 2003) and changes to vegetation structure (Tomasevic and Estades 2008) ). Our finding of spatial autocorrelation among bird assemblages has important implications for understanding the role of vegetation mosaics in beta diversity. The preference of species for one vegetation type over another and the differential dispersal or home ranges of species both have potential roles in the spatial structuring of our bird assemblages. For example, negative autocorrelation found among transects in eucalypt mosaics more than 30 km apart could be due to dispersal limitation. Or, the spatial patterning in the assemblage variation could be due to a dependence on autocorrelated environmental variables such as floristic composition, topography and underlying geography. However, the latter reflects natural environmental gradients, which occurred at a scale beyond that of our vegetation mosaics, and were not due to landscape modification.
The relative importance of alpha and beta diversity to overall diversity patterns
We predicted that beta diversity would comprise a greater component of overall diversity in heterogeneous mosaics containing both eucalypt and the pine compared with that in continuous eucalypt mosaics. In particular, we hypothesised that mosaic heterogeneity would increase beta diversity thereby partially offsetting losses of alpha diversity due to fragmentation effects in modified parts of the landscape. We found that the relative contribution of beta diversity to overall diversity differed between the mosaic types, but this also depended on spatial scale and how we treated the relative abundances of species.
In terms of spatial scale, our findings partially supported our initial hypothesis that mosaics with greater heterogeneity in vegetation composition and configuration would have higher beta diversity. We found that aggregated and dispersed mosaics had generally as high (or higher) beta diversity at the transect-scale regardless of the weighting of species abundances. However, at the mosaic scale, beta diversity among continuous eucalypt mosaics was as high, or higher, than in other mosaic types when the relative frequencies of species were taken into account. Differences in bird community structure among mosaics reflect species characteristics such as habitat specialisation and dispersal limitations, and environmental filtering (Morante-Filho et al. 2016) . Eucalypt mosaics were more widely distributed across the study area, and although they were structurally similar, they varied floristically in terms of what Eucalyptus species were co-dominant, and therefore might potentially support a different suite of bird species in different abundances (Recher and Holmes 1985) .
In terms of species abundances, beta diversity was highest when q = 0. This highlights that rare species play an important role in determining overall diversity patterns in the study area, regardless of spatial scale examined, as diversity is disproportionately sensitive to rare species at diversity orders of less than one (q < 1) (Jost 2007) . The relative number of rare species in the bird assemblage may reflect the effect of spatial and temporal disturbances in the landscape due to plantation harvesting on species with a higher level of habitat specialisation (Julliard et al. 2006) or sensitivity to perturbations (Lindenmayer et al. 2003) . By contrast, when species were weighted by their relative abundances, alpha diversity explained more of gamma diversity in all mosaic types than when q = 0 and beta diversity contributed less to the overall diversity. This pattern can be explained by species which were the most abundant were also common to most mosaics (e.g. white-browed scrubwren, brown thornbill, and crimson rosella) therefore contributing to alpha diversity more so than beta diversity. Similarly, Morante-Filho et al. (2016) found the lowest beta diversity in a less-forested landscape in Brazil was driven by habitat generalist bird species, whereas the highest beta diversity among sites reflected the distribution of forest specialists. Similarly, Gering et al. (2003) found that rare species represented a significant proportion of species richness at relatively broad scales and contributed to community differences among ecoregions whereas richness of common species was explained by alpha diversity at finer spatial scales. However, the relative importance of rarity to beta diversity patterns can vary with taxa and spatial scale of investigation (Gossner et al. 2013) , and the impacts of landscape modification, such as establishment of plantation monocultures, may be reflected in changes to species dominance rather than occurrence (Golodets et al. 2011) . For example, in fragmented rain forest landscapes of Los Tuxtlas, Mexico, plant beta diversity decreased within patches due to a loss of rare species and an increased dominance by disturbance-adapted species, whereas at a broader scale, landscapes with highest deforestation had highest beta diversity among patches due to floristic differentiation (Arroyo-Rodríguez et al. 2013 ). Higher levels of beta diversity in modified landscapes may be due to a process of subtractive heterogenisation (Socolar et al. 2016) where native species become rarer but not extinct. Beta diversity may also be elevated in homogenised environments, such as the pine mosaics in this study, by neutral sampling effects of rarity (Socolar et al. 2016 ).
Conclusions
Using a landscape 'mosaic' approach to investigate beta diversity has enabled us to identify the effects of landscape structure at a scale relevant to how species respond to variation in vegetation cover within a modified landscape (Haslem and Bennett 2008, Rös et al. 2012) . Both the composition and configuration of vegetation types affected diversity of bird assemblages at the mosaic scale. The higher diversity found in mosaics of continuous eucalypt forest, as well as mosaics containing eucalypt remnants in a plantation pine matrix, emphasises the importance of retaining original forest or 'near natural' cover types in production landscapes to maintain biodiversity (Bennett et al. 2006 , Radford and Bennett 2007 , Fahrig et al. 2011 , Arroyo-Rodríguez et al. 2016 .
The use of a 'whole of mosaic' approach to sampling and interpreting biodiversity patterns could be extended to a variety of commodity production landscapes, and might help better understand the impacts of agricultural intensification. For example, plantation establishment is growing worldwide with implications for maintenance of biodiversity (Bremer and Farley 2010, Lindenmayer et al. 2015) . It is important for biodiversity conservation in production landscapes to retain native remnants due to their comparatively high alpha diversity , Newbold et al. 2015 . In addition to this, our findings showed that remnant native vegetation patches were important for maintaining both alpha and beta diversity within mixed eucalypt/pine vegetation mosaics. To mitigate biodiversity loss from these production landscapes, plantation management might incorporate retention of remnants of native vegetation, with both small and large remnants playing an important part in species conservation and movement in the landscape (Fischer and Lindenmayer 2002, Arroyo-Rodríguez et al. 2009 ). For example, ArroyoRodríguez et al. (2009) , found small forest fragments (< 5 ha) supported a high proportion of regional plant diversity in deforested landscapes in Mexico and concluded conservation and restoration of these remnants were essential to preserve this diversity.
Our study has shown the importance of understanding the factors driving beta diversity patterns, and how this might be integral to maintaining biodiversity in modified landscapes (Socolar et al. 2016) . In particular, maintenance of beta diversity in production landscapes is important to mitigate risks of biotic homogenisation (McKinney and Lockwood 1999) . For example, we found that, in terms of species richness, the contribution of beta diversity to gamma diversity was higher in the production areas of the landscape than in the adjacent continuous areas of native forest. The increased risk of loss of species from anthropogenic landscapes can result in a loss of beta diversity and an overall loss of diversity through biotic homogenisation (Socolar et al. 2016 ). An important consideration for future studies of the underlying mechanisms driving compositional variation across spatial scales in modified landscapes is to separately examine the responses of habitat specialists and generalist species and consider the functional traits of winners and losers (McKinney and Lockwood 1999, Naaf and Wulf 2010) . Independent of the effects on alpha diversity, loss of beta diversity has consequences for maintenance of biodiversity (Solar et al. 2015) as well as ecosystem services (Pasari et al. 2013 , van der Plas et al. 2016 ) across landscapes subject to anthropogenic change.
